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1  INTRODUCTION

Randall K. Kolka?

| Stephen D. Sebestyen* ® | Edward A. Nater®

Abstract

Biogeochemical processes in northern peatland ecosystems are influenced by sea-
sonal temperature fluctuations that are changing with the climate. Methylmercury
(MeHg), commonly produced in peatlands, affects downstream waters; therefore, it is
important to understand how temperature transitions affect mercury (Hg) dynamics.
We investigated how the freeze—thaw cycle influences belowground peat pore water
total Hg (THg), MeHg, and dissolved organic carbon (DOC). Four large, intact peat
columns were removed from an ombrotrophic peat bog and experimentally frozen
and thawed. Pore water was sampled across seven depths in the peat columns during
the freeze—thaw cycle and analyzed for THg, MeHg, and DOC concentrations. Freez-
ing results showed increased concentrations of THg below the ice layers and limited
change in MeHg concentrations. During thawing, THg concentrations significantly
increased, whereas MeHg concentrations decreased. Limited bromide movement and
depth decreases in THg and DOC concentrations were associated with increased bulk
density and degree of humification in the peat. The experiment demonstrates the
effects of the freeze—thaw cycle on Hg concentrations in northern peatlands. Changes
to freeze—thaw cycles with climate change may exacerbate Hg cycling and transport

processes in peatland environments.

mineral soils (Kolka, Grigal, Nater, & Verry, 2001; Kolka
et al., 2011).

Mercury (Hg) is a global pollutant that is deposited from
the atmosphere onto terrestrial environments, including
peatlands (Kolka, Nater, Grigal, & Verry, 1999b; Kolka et al.,
2011). Mercury has an extremely strong affinity for binding
sites on organic matter (Skyllberg, Xia, Bloom, Nater, &
Bleam, 2000; Xia et al., 1999) and dissolved organic carbon
(DOC) (Driscoll et al., 1995) in peatland soils. Consequently,
peatlands can store large quantities of Hg relative to upland

Abbreviations: DOC, dissolved organic carbon; MEF, Marcell
Experimental Forest; MeHg, methylmercury; PFA, perfluoroalkoxy; RPD,
relative percent difference; THg, total mercury.

Inorganic Hg in peatlands can undergo methylation,
where Hg is converted into the highly toxic and bioavail-
able form monomethylmercury (HgCH;*, commonly called
methylmercury and abbreviated as MeHg) (Kolka et al., 2011;
Morel, Kraepiel, & Amyot, 1998). Methylmercury is the most
toxic form of Hg found in the environment and can bioac-
cumulate in fish, animals, and humans that consume aquatic
organisms (Driscoll, Mason, Chan, Jacob, & Pirrone, 2013).
Mercury methylation is mediated, in part, by anaerobic bacte-
ria (e.g., sulfate-reducing bacteria) that convert Hg to MeHg
(Branfireun, Roulet, Kelly, & Rudd, 1999; Gilmour & Henry,
1991; Jones et al., 2019). Temperature is also an important
factor in this process (Celo, Lean, & Scott, 2006): warmer
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conditions lead to faster sulfate reduction (Sokolova, 2010)
and presumably higher rates of Hg methylation.

The freeze—thaw cycle is an abiotic disturbance that can
cause physical and chemical changes in soil (Hodgkins et al.,
2014; Matzner & Borken, 2008; Yu, 2013) and influence soil
processes (Corbett-Hains, Walters, & Van Heyst, 2012). In
soils with high water content, such as peatlands, freezing can
lead to concrete frost formation where both the water and soil
freeze solid (Trimble, Sartz, & Pierce, 1958; Verry, 1991).
Hydrogen bonds between water molecules exclude solutes
from ice crystals during the onset of freezing (Corte, 1962;
Kadlec, 1984; Verry, 1991; Verry, Brooks, Nichols, Ferris,
& Sebestyen, 2011b), and concentrations may become ele-
vated in advance of the freezing front (Kadlec, 1984; Kadlec
& Li, 1990; Kadlec, Li, & Cotten, 1988; Kolka et al., 2001).
Pokrovsky, Karlsson, and Giesler (2018) showed that repeated
freeze—thaw cycles in Arctic peatlands can affect concentra-
tions of trace metals and organic carbon in surface water.
Freezing effects on pore water Hg have not previously been
reported, but similar frost exclusion mechanisms may occur
within peatlands and influence the depth distribution and con-
centrations of Hg.

Research on the effects of thawing on Hg often focuses on
snowmelt, aboveground impacts, and peatland connectivity to
downstream surface waters (Mitchell, Branfireun, & Kolka,
2008; Verry et al., 2011b). Belowground mechanisms can also
provide understanding of Hg storage and release. For exam-
ple, Corbett-Hains et al. (2012) showed that thawing increased
the flux of Hg vapor (Hg") from soil and proposed that the
expansion and contraction of the soil led to the physical evac-
uation of Hg" from the pore space. Freeze and thaw events
have also been shown to affect nutrient release and/or reten-
tion processes due to physical disruption of soil (Matzner &
Borken, 2008; Rydberg, Klaminder, Rosen, & Bindler, 2010;
Yu, Zhang, Zhao, Lu, & Wang, 2010). We are not aware
of previous reports of freeze—thaw effects on total mercury
(THg) and MeHg concentrations in peatland pore water.

The objective of this study was to determine the effect of
freezing and thawing on pore water Hg concentrations in peat
columns and to provide insight into potential Hg processes
occurring in peat during cold temperatures. The results pro-
vide a better understanding of current temporal biogeochem-
ical processes within peatland ecosystems and the possible
impacts from climate change. We hypothesized that ice for-
mation would exclude THg and MeHg from saturated peat
pore waters and thereby increase their concentrations in the
depths below the ice front. We compared concentrations in the
depths just below the freezing front with the concentrations in
the lowest depths in the columns. During subsequent thawing,
we hypothesized that THg and MeHg concentrations would
increase throughout the peat profile. We compared concen-
trations collected during the freezing cycle with those from
the thawing cycle.

Core Ideas

e A freeze—thaw cycle was simulated on intact peat
columns from an ombrotrophic bog.

e Novel methods were used to sample pore water in
advance of the ice front and as ice melted.

e Concrete frost in peat results in higher pore water
Hg concentrations below the freezing front.

e Pore water total Hg concentrations were elevated
after a freeze—thaw transition.

e Methylmercury concentrations did not increase
during the freeze—thaw cycle.

2 | MATERIALS AND METHODS
2.1 | Site location

We collected four large, intact columns of peat from an
ombrotrophic bog on the USDA Forest Service’s Marcell
Experimental Forest (MEF) in north-central Minnesota. The
MEF is located within the Chippewa National Forest and is
40 km north of Grand Rapids, MN. The MEF is a long-term
research site that has been active since 1960 and has some of
the longest-term records of northern peatland hydrology and
chemistry (Kolka et al., 2011). A peatland west of the well-
studied S1 bog was selected for the collection of 60-cm-tall
intact columns (Figure 1). The soil is similar to the Greenwood
Series: Dysic, frigid Typic Haplohemist (National Cooper-
ative Soil Survey, 1987). This peatland is an ombrotrophic
bog dominated by mature black spruce [Picea mariana (Mill.)
Britton, Sterns & Poggenb.], ericaceous shrubs, and Sphag-
num mosses. Soil columns were extracted within a 100-m?
area in the bog hollows and away from the lagg (Verry et al.,
2011b).

2.2 | Peat column setup

In May 2015, after in situ thawing, the four peat columns
were collected by pushing polyvinyl chloride columns (30 cm
diameter, 60 cm tall) with beveled ends into a hollow of the
bog. Because of the relatively large diameter of the columns,
we did not observe any compaction within the column center,
but a small amount of compression may have occurred along
the column edges. We extracted each column by digging a
hole next to the inserted polyvinyl chloride column, fasten-
ing a metal plate underneath the column bottom, and lifting it
out of the bog. A peat column was gently placed into a 30-cm
flexible end cap. All peat columns were transported to a refrig-
erated room at the University of Minnesota in St. Paul, MN.
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FIGURE 1 Map of the Marcell Experimental Forest (MEF) in northern Minnesota. The study site location, Jennie’s Bog, is circled in red and
is west of the S1 bog. A ground photo of Jennie’s Bog and a peat column is shown in the upper right corner

Sampling tubes were horizontally inserted into each
column at seven depths in the peat (5, 10, 15, 20, 25, 30,
and 35 cm) to establish discrete sampling depths (Figure 2).
These depths were chosen to sample underneath ice during
freezing and thawing. Perfluoroalkoxy (PFA) tubes were
pushed through holes in clean silicone stoppers and inserted
into drilled holes in the peat column sides at the sampling
depths (Figure 2). The tubing had 6.4 mm outer diameter and
4.0 mm inner diameter, with 1.6-mm perforations at 1-cm
increments starting 2.5 cm from the ends of the tubing. The
tubing ends inside the column were heat sealed to prevent

water sampling at the column edges and to limit sampling
to the column interiors. If water leaked at a silicone stopper,
leaks were sealed on the outside of the column with silicone
caulk and/or hydrophilic polyurethane caulk. The tubes
protruding from each column depth were connected with
two 6.4-mm polypropylene union tees (Figure 2). Tubing
ends were capped with a removable polytetrafluoroethylene
heat shrink tube and a closed end of PFA tube when water
sampling was not occurring. All tubes and stoppers were
cleaned for trace element sampling according to USEPA
Method 1631 (Telliard & Gomez-Taylor, 2002).
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FIGURE 2 Column setup. (1) Open column top. (2) Black circles show the locations where tubes were inserted, and blue Ts show locations of

thermocouples. (3) Tubes and thermocouples were inserted at each individual layer. (4) Tube tees connected tubes from the outside and a cap on the

sampling tube. (5) The blue thermocouple inside the column is connected to a data logger to record temperature

In a similar manner, thermocouples were pushed through
clean silicone stoppers and inserted midway into each peat
column at the various sampling depths (Figure 2). Campbell
data loggers were programmed to measure temperature every
10 min from each column’s sampling depths. Peat temperature
was checked immediately prior to water sampling; readings
below 0°C were considered frozen for sampling purposes, and
readings above 0°C were considered thawed.

Two portable wooden carts were constructed to store the
four peat columns during the experiment. Peat columns were
fully insulated on the bottom with 41.9-cm rigid polystyrene
insulation and on all sides with 11.4-cm rigid polystyrene and
additional fiberglass insulation. Peat column insulation was
critical for effective simulation of freezing and thawing in a
laboratory setting (Nagare, Schincariol, Quinton, & Hayashi,
2012). Both freezing and thawing processes started at the top
of the columns and advanced downward, as would naturally
occur in the field.

2.3 | Experimental design

Before water sampling, we added an average of 5 L of
deionized water to each 39.8 L column, which was also when
water reached a depth of 2 cm above the peat surface in
each column. We estimate that the pore water volume in the
columns was 34.9-36.8 L based on peat having 90% porosity

(Qurs, Siegel, & Glaser, 1997). The total quantity withdrawn
during sampling was about 2.1 L from each column. The
depths sampled changed each sampling event based on the
location of the ice front. Minimal water was removed during
samplings to prevent column moisture loss from influencing
the results.

Sodium bromide (NaBr), a solute tracer, was added to each
column by carefully distributing 50 ml of a 38.6 mg L~! NaBr
solution across the surface of each column. The NaBr served
as a tracer to monitor water movement by depth in the pore
water of the peat columns. This tracer is nonreactive at lower
concentrations and was chosen because of its low background
concentration in peat and peat pore water (Baird & Gaffney,
2000; Meiri, 1989).

Temperature manipulation simulated the range of typi-
cal field temperatures and a truncated seasonal cycle. Peat
columns were collected from the peatland after in situ thaw-
ing from the previous winter. In the experiment, columns were
warmed, temporarily cooled, frozen, and thawed. The air tem-
perature during the 109-d warming treatment ranged between
18 and 26°C in a greenhouse where the columns were instru-
mented and prepped. After warming, all columns were moved
to a 53-d cooling treatment to mimic the transition into win-
ter. Air temperatures ranged between —3 and 17°C, and the
pore water was sampled once. After cooling, columns were
moved into a 20-d freezing treatment where air temperature
was —8°C. Pore water was sampled just below the advancing
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ice front and at the bottom of the columns on three separate
dates. After freezing, columns were moved to a 23-d thaw-
ing treatment at 19°C air temperature, and the pore water was
sampled on three separate dates.

2.4 | Data collection
2.4.1 | Water sampling

Supplies for sampling water from columns were prepared fol-
lowing USEPA method 1631, including cleanroom techniques
and procedures for handling samples (Telliard & Gomez-
Taylor, 2002). A column depth was sampled by attaching a
PFA two-port impinger to the sampling tubing. Water samples
were withdrawn into a sterile 125-ml polyethylene terephtha-
late glycol-modified bottle using vacuum pressure. A 35-ml
subsample was transferred to a clean, high-density polyethy-
lene bottle for ion chromatography and DOC analysis. The
remaining sample was preserved for Hg analysis by adding
0.25 ml of trace metal-grade concentrated hydrochloric acid.
Then the preserved samples were filtered through a 47-mm,
single-stage PFA filter apparatus with 0.70-pm Whatman
glass microfiber filters that had been cleaned of Hg by heat-
ing to 450°C for 90 min. The filtered samples were transferred
to a sterile polyethylene terephthalate glycol-modified bottle
and refrigerated until analysis.

2.4.2 | Chemical analysis

Filtered samples from the peat columns were analyzed for
Hg in a clean laboratory at the University of Minnesota in
St. Paul, MN. Total Hg concentration was measured using
in-vial sparging configuration with a Tekran Model 2600
cold vapor atomic fluorescent spectrophotometry mercury
analysis system according to USEPA method 1631 (Telliard
& Gomez-Taylor, 2002). The detection limit for THg was
0.05 ng L™!. Quality assurance and quality control methods
included analytical blanks (n = 17), analytical standards
(n = 20), sample duplicates (n = 31), matrix spikes (n = 10),
and standard reference materials (n = 4). The mean and SD
of matrix spike percent recoveries was 99.4 + 3.7%. The
relative percent differences (RPDs) were <25% for 96% of
THg duplicate samples. All samples of standard reference
materials had percent recoveries >75%. The standard refer-
ence materials were obtained from the National Institute of
Standards and Technology (2014).

Methylmercury was analyzed by capillary gas chromatog-
raphy and cold vapor atomic fluorescent spectrophotometry
using a Tekran Model 2700 Methyl Mercury Analyzer accord-
ing to USEPA method 1630 (Telliard, 1998). The detection
limit for MeHg was 0.009 ng L~!. The quality assurance and

quality control methods included analytical blanks (n = 21),
distillation blanks (n = 21), analytical standards (n = 18), sam-
ple duplicates (n = 34), and matrix spikes (n = 8). The mean
+ SD of matrix spike percent recoveries was 130.8 + 81.8%.
All MeHg concentrations were <2.4 ng L~!, and the RPDs
were <25% for over 50% of MeHg sample duplicates.

Bromide and DOC from the peat columns were analyzed at
the Forestry Sciences Laboratory of the USDA Forest Service
Northern Research Station in Grand Rapids, MN. Unfiltered
water samples were analyzed on an ion chromatograph with
a detection limit of 0.05 mg L~! for bromide, and USEPA
Method 300 protocols were followed (Pfaff, 1993). Dissolved
organic carbon concentration was measured on a Shimadzu
TOC-LCPH combustion analyzer after samples were filtered
through Whatman Grade GF/F syringe filters with 0.70 pm
pore size. The detection limit for DOC was 0.5 mg L~!
and USEPA Method 415.3 protocols were followed (Pot-
ter & Wimsatt, 2005). Duplicates were analyzed every 10
samples, and the RPDs were <25% for all DOC sample
duplicates.

2.4.3 | Bulk density

After the freeze—thaw cycle, a Russian peat corer (Jowsey,
1966) was used to take three peat samples for bulk density
and von Post measurements (von Post, 1922) at the pore water
sampling depths in a peat column. The three replicates were
averaged to provide a mean for each depth. The von Post H-
values (degree of humification) were assessed and interpreted
according to Verry et al. (2011a). For bulk density, the peat
was oven dried at 70°C for 72 h and calculated by dividing
the oven-dry mass (g) by the volume of the sample (cm?).

2.4.4 | Data analysis

Columns were treated as four replicates during the experiment
and throughout the analysis. The data were approximately nor-
mally distributed after testing for skewness and kurtosis. All
statistical analyses were conducted in the R statistical pro-
gram (R Core Team, 2016). To determine if frost exclusion
occurred, we compared water chemistry concentrations in the
depths just below the freezing front with those in the 25-
to 35-cm depth, which were the lowest depths of the col-
umn that remained unfrozen during the experiment. An inde-
pendent ¢ test was used to determine statistically significant
increases below the freezing front. All samples collected dur-
ing the freezing treatment were then compared with samples
collected during thawing. Water chemistry data were classi-
fied into three depth groupings (10-15, 20-30, and 35 cm)
and analyzed with one-way ANOVA to determine signifi-
cant concentration changes within comparable depths from
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FIGURE 3 Pore water total Hg and bromide tracer concentrations from all four columns during the three freezing treatment water samplings:
Freeze #1 (12 Jan. 2016), Freeze #2 (13 Jan. 2016), and Freeze #3 (14 Jan. 2016). Total Hg results are shown in black, and bromide results are in gray
(only bromide concentrations above the detection limit of 0.05 mg L~! are shown). Shaded region represents the location where peat temperature was

below 0°C and approximately where the ice layer resided during that sampling date

freezing to thawing. The 5-cm depth was not sampled
throughout the freeze—thaw cycle because it did not yield pore
water samples after the water level dropped below that tubing
depth and therefore was not included in this analysis.

Mercury has an affinity for organic matter, so Hg/DOC
ratios were calculated and presented as a logarithm to pro-
vide a reasonable scale for further analysis and comparison
to other published values (Mitchell et al., 2008). One-way
ANOVA and Tukey’s range test were used to determine if
Hg/DOC ratios significantly changed within pore water dur-
ing the freeze—thaw cycle.

Data from the whole freeze—thaw cycle were analyzed
between sampling depths to determine how concentrations
changed with depth. An overall mean + SD was calculated
for the pore water chemistry, bulk density, and von Post H-
value at each sampling depth. One-way ANOVA and Tukey’s
range test were used to determine if pore water chemistry sig-
nificantly changed with depth.

3 | RESULTS

3.1 | Peat column pore water chemistry during
freezing

During freezing, the ice layer progressed down the column, as
it does in the natural environment. The four columns had simi-
lar temperature profiles, and the lowest depth of ice formation
was 15 cm.

During the cooling treatment, the pore water THg mean +
SD at 5 and 35 cm were 13.9 + 8.27 and 2.35 + 1.30 ng L™!,
respectively. When freezing began, we sampled the upper-
most unfrozen depth (just below the descending ice front)
and compared that with the 25- to 35-cm depths. Depth pro-
files of pore water chemistry show that THg was more con-
centrated in advance of ice in peat columns during freezing
(Figure 3). The pore water THg concentration in the depth
below the ice was significantly higher than pore water THg
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TABLE 1 Results for Hg. Mean concentrations below the ice layer and peat column bottom are compared by a 7 test during each freezing

sampling date. Statistically significant relationships are shown with p values (p < 0.05)

Freezing sampling date Location in column
12 Jan. 2016

Pore water THg* below ice: 10 cm
bottom: 25-35 cm
Pore water MeHg" below ice: 10 cm
bottom: 25-35 cm
13 Jan. 2016

Pore water THg below ice: 15 cm
bottom: 25-35 cm
Pore water MeHg below ice: 15 cm
bottom: 25-35 cm
14 Jan. 2016

Pore water THg below ice: 20 cm
bottom: 25-35 cm
Pore water MeHg below ice: 20 cm
bottom: 25-35 cm
2Total mercury.
bMethylmercury.

concentrations at the bottom of the column during the first
two freezing sampling dates (p < 0.05) (Figure 3; Table 1).
Mean pore water THg concentrations at the bottom of the
columns slightly increased as freezing advanced down the col-
umn (Figure 3), but the increase at 35 cm was not significant
(one-way ANOVA, p > 0.05).

The bromide tracer at 5 cm during the cooling treatment
had a mean + SD of 0.15 + 0.09 mg L~!. The bromide con-
centration in the 20- to 35-cm depths was below the detection
limit of 0.05 mg L~!. As freezing began, the NaBr moved
down the column with ice formation (Figure 3). There was
limited solute movement past 15 cm, which was also the low-
est depth of ice formation during the experiment.

During the cooling treatment, the pore water MeHg mean +
SD values at 5 and 35 cm were 0.02 + 0.02 and 0.43 + 0.26 ng
L~!, respectively. After freezing began, MeHg concentrations
increased in the depth below the ice compared with the bottom
of the column, but the trend was not significant (p > 0.05)
(Table 1). Concentrations of MeHg at the core bottom varied
little during the freezing cycle.

3.2 | Peat column pore water chemistry from
freeze to thaw

Pore water THg concentrations increased significantly (one-
way ANOVA, p < 0.05) from freezing to thawing (Figure 4)
and at all depth groupings (p < 0.05) (Table 2). Pore water
MeHg concentrations decreased significantly at the 10- to

Hg Significance

ng L~! df t test p value
8.05 2.30 -5.25 0.025
1.51

0.21 7.88 1.12 0.294
0.30

4.69 5.31 —2.56 0.048
2.31

0.23 3.96 —0.05 0.959
0.22

5.76 2.40 —1.47 0.258
3.31

0.52 1.86 -3.49 0.081
0.16

15-cm and the 20- to 30-cm depth groupings (p < 0.05) from
freezing to thawing (Table 2; Figure 4). In contrast to THg,
the 35-cm depth showed no significant change from freezing
to thawing.

Pore water DOC concentrations showed no significant
changes from freezing to thawing (Table 3). Log THg/DOC
ratios significantly increased from freezing to thawing at
all depth groupings (Table 3). Log MeHg/DOC ratios sig-
nificantly decreased from freezing to thawing at 10-15 cm
(Table 3).

3.3 | Bulk density, von Post values, and pore
water chemistry with depth

The bulk density was 0.09 g cm™ at 15 cm and increased to
0.12-0.13 g cm~> below 15 cm (Table 4). The von Post val-
ues increased with each depth layer, starting at 15 cm with a
von Post value of H-4 (Table 4). Mean pore water DOC con-
centration significantly decreased from 15 to 35 cm (one-way
ANOVA, p < 0.05) (Table 4). The DOC SD was lowest at
35 cm, which was the most frequently sampled depth. Mean
THg concentrations significantly decreased from 10 to 35 cm
(one-way ANOVA, p < 0.05) (Table 4). Similar to DOC, the
THg SD was lowest at 35 cm. Mean pore water MeHg concen-
trations were not significantly different between depths. Pore
water bromide concentrations were above the detection limit
at 5, 10, and 15 cm before and during freezing but below the
detection limit during thawing. Mean bromide concentrations
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FIGURE 4 Top graph shows total Hg pore water concentrations in all columns during each sampling date. Bottom graph shows
methylmercury pore water concentrations in all columns during each sampling date. Depth groupings (1015, 20-30, and 35 cm) are shown in three
different colors, and backgrounds are shaded based on the experimental phase. The cooling treatment was used as a reference of initial
concentrations, and the freezing and thawing treatments were used in the data analysis

TABLE 2 Pore water total Hg (THg) and methylmercury (MeHg) classified into depth groupings of 10-15 cm, 20-30 cm, and 35 cm. Samples
were compared between freeze and thaw using a one-way ANOVA. Statistically significant relationships are shown with p values (p < 0.05)

Depth group Process n? Concentration (mean + SD) p Value

THg, ng L~! 10-15 cm freeze 8 6.33 +2.33 0.027
thaw 4 13.14 +£7.02

20-30 cm freeze 15 3.13 +1.92 <0.001
thaw 18 10.09 + 6.23

35 cm freeze 8 1.77 £ 1.59 0.009
thaw 10 5.32+3.03

MeHg, ng L~! 10-15 cm freeze 6 0.27 +0.12 0.036
thaw 4 0.08 + 0.09

20-30 cm freeze 14 0.32 +0.18 0.017
thaw 18 0.18 £ 0.13

35 cm freeze 8 0.18 + 0.10 0.925
thaw 10 0.18 + 0.08

#Within the group being analyzed, n corresponds to the number of water chemistry samples being compared.
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TABLE 3 Pore water dissolved organic C (DOC), log total Hg (THg)/DOC, and log MeHg/DOC classified into depth groupings of 10-15 cm,
20-30 cm, and 35 cm within the peat columns. Samples were compared between freeze and thaw using a one-way ANOVA. Statistically significant

relationships are shown with p values (p < 0.05)

Depth group Process
DOC, mg L~! 10-15 cm freeze
thaw
20-30 cm freeze
thaw
35cm freeze
thaw
Log THg/DOC 10-15 cm freeze
thaw
20-30 cm freeze
thaw
35cm freeze
thaw
Log MeHg/DOC 10-15 cm freeze
thaw
20-30 cm freeze
thaw
35cm freeze
thaw

n? Concentration (mean + SD) p value
191 + 39.69 0.065
4 143 + 32.63
9 140 + 39.59 0.861
17 142 + 29.46
6 108 + 18.19 0.136
9 125 + 21.64
8 -7.50 + 0.12 0.032
3 —7.16 + 0.36
8 —7.83 + 0.15 <0.001
16 -7.25 + 0.26
4 —7.86 + 0.34 0.009
9 -7.41 + 0.19
6 -8.85 + 0.13 0.081
3 -9.27 + 0.51
8 —8.66 + 0.18 0.103
16 -9.37 + 1.16
4 —8.78 + 0.28 0.524
9 —8.89 + 0.28

2Within the group being analyzed, n corresponds to the number of water chemistry samples being compared.

TABLE 4 Bulk density and von Post humification values determined at the end of the freeze—thaw cycle. Mean pore water chemistry for all

samples during the whole experiment are reported by sampling depths. Mean + SD was calculated at each depth for pore water dissolved organic C

(DOC), bromide, total Hg (THg), and methylmercury (MeHg)

Depth Bulk density DOC Bromide THg MeHg
cm gem™3 von Post (H-value) mg L1 ng L1

5 0.05 3 223 +35.74 0.12 + 0.09 13.87 +8.27 0.02 +0.02
10 0.05 3 174 + 45.54 0.06 + 0.06 11.48 +5.11 0.12 +£0.11
15 0.09 4 176 + 44.89 0.05 +0.03 6.55 +4.73 0.24 £ 0.15
20 0.12 5 147 + 42.00 0.03 + 0.03 8.26 + 4.27 0.25 + 0.25
25 0.12 6 146 + 36.54 0.02 +0.01 6.07 + 6.55 0.30 £ 0.16
30 0.13 7 137 + 28.41 0.02 + 0.02 6.64 +5.12 0.21 +0.12
35 0.12 8 117 +£20.78 0.01 +0.01 3.49 +2.83 0.23+0.16

significantly decreased with depth from 5 to 35 cm (one-way
ANOVA, p < 0.05) (Table 4).

4 | DISCUSSION

4.1 | Effects of freezing on peat column pore
water chemistry

During freezing, pore water THg concentrations were sig-
nificantly greater below the ice front than at the bottom of
the column. Concentrations at the bottom of the column
also increased as freezing progressed downward. These pore

water changes demonstrate THg concentrating ahead of the
freezing front. When soil and water freeze solid, solutes are
excluded from the ice and concentrate in the liquid water, a
process known as frost exclusion (Corte, 1962; Kadlec, 1984;
Kadlec et al., 1988). The increase in THg concentrations
below the freezing front in column are consistent with frost
exclusion. This observation is also supported by the increased
concentration of NaBr tracer down the peat column during
freezing (Figure 3). Solute transport was limited past 15 cm
(which also coincided with maximum frost depth in the
experiment), where soil bulk density increased and is likely
associated with lower hydraulic conductivity in the peat. As
freeze—thaw cycles change with climate change, concrete frost
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formation and frost exclusion may become altered in northern
peatlands.

In contrast to THg, MeHg pore water concentrations did not
increase below the ice front compared with the bottom of the
column. In addition, MeHg pore water concentrations fluctu-
ated little at the column bottom. We expected limited MeHg
production during cold periods (Sokolova, 2010), and neither
frost exclusion nor anaerobic bacterial production appear to
have affected pore water MeHg concentrations.

4.2 | Effects of thawing on peat column pore
water chemistry

Pore water THg concentrations increased significantly
throughout the peat column during the transition from freez-
ing to thawing. This pattern of increasing concentrations dur-
ing thawing has been observed in previous research in cold
environments and for different water chemistries (Yu et al.,
2010, 2011). We did not investigate the exact mechanisms
leading to increased THg concentrations, but this type of con-
centration change response with frost thawing could affect Hg
cycling and transport in northern peatlands.

Our study builds on other Hg field studies at the MEF,
where the peat columns originated. Mitchell et al. (2008)
found that spring snowmelt period accounted for 26-39%
of annual THg export from the peatland watershed. Upland
runoff and dry deposition can be major sources of Hg to
streams that drain peatlands (Kolka, Grigal, Verry, & Nater,
1999a,b; Woerndle et al., 2018). Also, lateral runoff of bog
water (Verry et al., 2011b) will similarly connect Hg from
atmospheric deposition when near-surface bog water radially
flows to a surrounding lagg and then to an outlet stream.
Our study focused on how Hg concentration in pore waters
responded within an experimental freeze—thaw cycle. The
experimental design limited lateral solute migration and elim-
inated lateral water flow. Although this experiment is a sim-
plified approach to assess the effects of frost exclusion on Hg
concentration, the physical limitations highlight a need to fur-
ther assess field conditions and Hg transport via lateral flow
through peatlands.

Contrary to THg results, MeHg concentration did not
increase during thawing and instead decreased significantly
from freezing to thawing in the middle depths of the peat
columns. One explanation for a lack of increased MeHg con-
centrations could be that the columns experienced a quick
thaw relative to field conditions. With a steady air tempera-
ture of ~19°C, it took only 14 d for column temperatures to
exceed 0°C at all depths and 23 d for the last thawing sam-
pling to occur. In comparison, a natural spruce bog environ-
ment takes an average of 16 melting degree days to melt 1 cm
of frost (Verry, 1991). Yang et al. (2016) found that increasing

the time of warming incubation of organic soil to 45-100 d at
8°C led to an accelerated MeHg production rate. Field studies
have also found that MeHg concentrations are higher in late
summer than in spring (Lee, Bishop, Pettersson, Iverfeldt, &
Allard, 1995; Wang, Xing, Wei, & Jia, 2013). Our short thaw
period with the first sampling occurring 8 d after air temper-
ature increased was probably insufficient for MeHg concen-
trations to increase.

Peatlands are sources of Hg to nearby aquatic ecosystems
(Driscoll et al., 1995; Kolka et al., 1999a). Mercury is mobi-
lized with DOC, often during snowmelt or thawing periods
(Kolka et al., 1999a, 2001; Mitchell et al., 2008; Schelker,
Burns, Weiler, & Laudon, 2011; Shanley et al., 2002).
Mercury/DOC ratios have been used to infer the source of Hg
because DOC concentrations are different among landscape
areas, such as uplands and peatlands (Haynes & Mitchell,
2012; Mitchell et al., 2008; Schelker et al., 2011). We
measured the changes within one hydrological compartment
(i.e., peat pore water) and use other studies to frame these
results relative to other landscape source areas. Like Mitchell
et al. (2008), we found a significant increase in THg/DOC
ratio from freezing to thawing (Table 3). Likewise, we found
a significant decrease in MeHg/DOC ratio during thawing at
the top of the column (Table 3). Peat pore water chemistry
significantly changed with the transition from freeze to thaw,
suggesting the importance of studying northern peatlands
during the freeze—thaw cycle.

4.3 | Effects from peat column depth on bulk
density, von Post values, and pore water
chemistry

Peat is stratified into three layers: the acrotelm, the mesotelm,
and the catotelm. The acrotelm and mesotelm represent near-
surface layers through which most water and solutes are lat-
erally transported through peatlands to downstream surface
water bodies (Clymo, 1984; Romanov, 1961; Verry et al.,
2011b). Furthermore, ice depths at the MEF, where the cores
were collected, commonly ranges up to 15 cm in depth (Verry,
1991).

The acrotelm, a surficial layer, has low bulk density and
higher hydraulic conductivity than the mesotelm or catotelm
(Clymo, 1984; Verry et al., 2011b). The mesotelm is a tran-
sitional layer that has slightly increased bulk density (Tfaily
et al., 2014) from the acrotelm. The catotelm generally has
increased bulk density from the mesotelm and much lower
hydraulic conductivity than the acrotelm or mesotelm (Verry
et al., 2011b). Using bulk density and von Post H-values,
we identified a mesotelm layer located from 15 to 20 cm
in the peat columns. Sodium bromide concentrations were
all below the detection limit for depths below the mesotelm
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(Figure 3), demonstrating limited solute movement past
15 cm. The decreased hydraulic conductivity of the mesotelm
layer may explain the limited movement of the NaBr tracer
past that depth and why THg and DOC concentrations
increased little below 15 cm.

S | CONCLUSIONS

Northern peatlands play a pronounced and global role in
Hg-cycling processes, including local effects on downstream
water quality. Understanding contemporary conditions is nec-
essary because increasing climate temperatures could influ-
ence the duration and depth of freezing in northern peat-
lands and therefore change the release of Hg from peatlands.
Our results support our hypothesis of increased THg con-
centrations in pore water below the ice front during freez-
ing and increased concentrations throughout the peat column
during thawing. However, our results did not support our
MeHg hypothesis, and pore water MeHg did not significantly
increase during freezing or thawing. As temperatures fluc-
tuate with a changing climate, freeze—thaw mechanisms and
other temperature-dependent processes will respond. More
specifically, climate change has the potential to affect freez-
ing length and depth due to shortened cold seasons and more
frequent mid-winter thawing in peatlands. As a result, climate
change could decrease the amount of time for concrete frost
formation and limit THg exclusion from ice during winter
months. However, climate change and effects on frost depth
is highly uncertain because there is an inverse relationship
between snow and frost depth. For example, more snow fall
may result in less frequent and shallower concrete frost forma-
tion. Shallow concrete frost could lead to greater pore water
THg concentrations at the surface because THg would no
longer migrate to depths deep in the peat profile from ice for-
mation. Studying the freeze—thaw cycle is important because
we know that changes to the climate will affect Hg cycling
and possible transport processes during freezing and thawing
in northern peatland environments.
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